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754Objective: Coronary artery disease (CAD) is associated with an increased risk of
cognitive decline. Although cerebral white matter (WM) damage predicts cognitive
function in CAD, conventional neuroimaging measures only partially explain the
effect of CAD on cognition. The purpose of this study was to determine if WM
microstructural integrity and CAD using diffusion tensor imaging (DTI) correlates
with cognitive function in older adults with CAD. Methods: Forty-nine CAD patients
(66  7 years old, 86% male) underwent neurocognitive assessments using the
cognitive battery recommended by the National Institute of Neurological Disorders
and StrokeeCanadian Stroke Network for the study of vascular cognitive impair-
ment. Composite scores for each cognitive domain were calculated. Microstructural
integrity in normal-appearing WM was quantiﬁed as fractional anisotropy (FA) us-
ing DTI in nine bilateral and two interhemispheric WM tracts from the Johns Hopkins
University WM Tractography Atlas. Linear regression models examined associations
between FA and cognitive performance, controlling for age, sex, and education, with
correction for multiple comparisons using a false discovery rate of 5%. Results: Ex-
ecutive function was most signiﬁcantly associated with FA in the left para-
hippocampal cingulum (b ¼ 0.471, t ¼ 3.381, df ¼ 44, p ¼ 0.002) and left inferior
fronto-occipital fasciculus (b ¼ 0.430, t ¼ 2.984, df ¼ 44, p ¼ 0.005). FA was not
associated with memory in any of the WM tracts examined. Conclusion: These re-
sults suggest that WM microstructural integrity may be an important neural correlate
of executive function even in cognitively intact CAD patients. This study suggests WM
damage may be relevant to subtle cognitive decline in a population that may have
early neural risk for dementia. (Am J Geriatr Psychiatry 2015; 23:754e763)
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Santiago et al.INTRODUCTION
Coronary artery disease (CAD) and associated
vascular risk factors are associated with increased
risk for cognitive decline and progression to demen-
tia.1,2 Among the cognitive domains, executive
function has been suggested to be particularly
vulnerable in those with CAD.3,4 However, the con-
tributions of CAD and associated cardiovascular risk
factors to cognitive decline in healthy aging remain
largely under-recognized in clinical care.5,6 It is
important to examine damage to the cerebral white
matter (WM) network in this population because
WM damage cannot only predict cognitive decline in
older adults7,8 but also future ischemic strokes and
myocardial infarction (MI) in CAD patients.9
Previous studies have shown that CAD and its
associated cardiovascular risk factors are associated
with WM damage.10e12 Disruption of the WM is
often characterized as WM hyperintensities (WMHs),
which are associated with microvascular injuries13
and are independently associated with increased
risk for cognitive decline and progression to demen-
tia.14 In a study by Zheng et al.4, macrostructural
neuroimaging measures, including WMH, did
not fully explain the effect of CAD on cognition.
Controlling for WMH volumes, CAD remained
signiﬁcantly associated with cognition in older
community-dwelling adults. Diffusion tensor imag-
ing (DTI) is a sensitive technique thought to detect
subtle differences in tissue microstructure, and two
measures, fractional anisotropy (FA) and mean
diffusivity (MD), have been associated with cognitive
performance in other populations. These measures
are often used as indices of connectivity in the brain.
Speciﬁcally, lower FA is thought to reﬂect axonal
injury, whereas higher MD is suggested to represent
changes in tract integrity due to demyelination.15
Therefore, DTI assessment of subtle differences in
normal-appearing WM (NAWM) and comparison
with cognitive performance in CAD are warranted.
The present study assesses whether higher FA in
the major WM tracts is associated with better per-
formance in executive function in patients with CAD.
Additionally, the signiﬁcance of FA in predicting
memory performance and the signiﬁcance of MD
were explored. The aim of the study was to deter-
mine whether WM integrity in any of the major tractsAm J Geriatr Psychiatry 23:7, July 2015could explain the variance in cognitive performance
in patients with CAD.METHODS
Participants
This study was approved by Sunnybrook and
University Health Network research ethics boards.
Written informed patient consent was obtained from
all subjects before enrollment into the study. For this
cross-sectional study, participants were recruited at
entry into a cardiac rehabilitation program. Inclusion
criteria were age 50e80 years and evidence of CAD
(MI  50% blockage in at least one major coronary
artery, percutaneous coronary intervention, or coro-
nary artery bypass graft surgery). Participants were
excluded if they had any signiﬁcant cognitive
impairment (Mini-Mental Status Exam <24),16
neurologic disorders, psychiatric illnesses except for
depression, or contraindications to an MRI. In addi-
tion to cardiac history, demographic information,
concomitant medications, body mass index, and his-
tories of hypertension, dyslipidemia, diabetes melli-
tus, and smoking were collected.
Cognitive Assessment
Cognitive performance was assessed using a bat-
tery of tests recommended by the National Institute
of Neurological Disorders and the Canadian Stroke
Network for vascular cognitive impairment.17 Exec-
utive function and processing speed were assessed
using Digit Symbol Substitution Test (DSST), Trail
Making Test (TMT) parts A and B, Stroop Dot-Color
Test, Stroop Color-Word Interference Test, FAS Ver-
bal Fluency Test, and Animal Naming Test. Verbal
memory was assessed using the California Verbal
Learning Test, 2nd edition (CVLT-II), which yields a
measure of short delay free recall (SDFR) of a word
list after 10 minutes and of long delay free recall
(LDFR) after 20 minutes. Visuospatial memory was
assessed using the Brief Visuospatial Memory Test-
Revised (BVMT-R), which yields a measure of total
memory recall and of delayed memory recall after 25
minutes. A trained researcher administered the
cognitive tests at a standardized time (0930  30
minutes).755
Association Between WM Microstructural Integrity and Cognition in CADMRI Acquisition
MRI scans were acquired on a 3-Tesla MRI system
(Discovery MR750; General Electric Healthcare, Mil-
waukee, WI) with a high-resolution eight-channel
head coil at Sunnybrook Health Sciences Centre in
Toronto, Canada. Diffusion weighted images were
acquired in 23 noncollinear directions at a b value of
1,000 with array spatial sensitivity encoding tech-
nique parallel imaging factor of 2. Two unweighted
images were also taken (repetition time/echo time ¼
8,800/80 msec, 128  128 matrix, 38 cm ﬁeld of view,
3-mm slab thickness). Two repetitions were acquired
for each participant. Three-dimensional structural
ﬂuid-attenuated inversion recovery images (repeti-
tion time/echo time/inversion time ¼ 9,700/141/
2,200 msec, ﬂip angle 90 degrees, 256  192  48
matrix, nominal spatial resolution 0.9  0.9  3 mm)
were also acquired.MRI Processing
Quality control and motion correction were per-
formed on diffusion tensor images using DtiStudio.18
FA and MD maps were then calculated by averaging
multiple acquisitions. DTI maps were then nonlinearly
coregistered to the target standard-space image
FMRIB58_FA using Functional MRI of the Brain
(FMRIB) Software Library (FSL) (http://www.fmrib.
ox.ac.uk/fsl; Analysis Group, Oxford, England,
United Kingdom). TwentyWM tract regions of interest
were identiﬁed using probability masks from the Johns
Hopkins University WM Tractography Atlas.19 These
tracts included nine left and right side bilateral tracts
(superior longitudinal fasciculus, uncinated fasciculus,
superior longitudinal fasciculus [temporal region],
inferior longitudinal fasciculus, inferior fronto-occipital
fasciculus, parahippocampal cingulum, cingulum [gy-
rus region], corticospinal tract, and anterior thalamic
radiation) and two interhemispheric tracts of the corpus
callosum (forceps major and forceps minor). The
thresholdwas set at20% tominimize capturingminor
WM radiations toward the cortex that are sensitive to
registration errors.
WMHs were identiﬁed and masked using Lesion
Explorer.20 WMH masks were then transformed to
standard space and combined into a sample-wide
WMH mask in FSL. Using this combined mask,
WMH voxels were removed from WM tract regions756of interest to enable the assessment of DTI measures
in NAWM only. Finally, mean FA and MD values
were calculated for each WM tract region of interest
in each participant.Statistical Analyses
Continuous variables were summarized as means
and standard deviations, and categorical variables
were summarized as percentages. A principal
component analysiswas used to conﬁrm the reduction
of the individual cognitive test outcomes into two
cognitive domain scores representing executive func-
tion and processing speed, and memory. Domain-
speciﬁc z scores were calculated by subtracting the
samplemean fromparticipant raw scores anddividing
the difference by the standard deviation. Composite z
scores for the executive function and processing speed
cognitive domain were calculated by averaging the
individual z scores of the DSST, TMT parts A and B,
Stroop Dot-Color Test, Stroop Color-Word Interfer-
ence Test, FAS Verbal Fluency Test, and Animal
Naming Test. Composite z scores for memory were
calculated by averaging the individual z scores of the
CVLT-II SDFR and LDFR and the total recall scores
and delayed recall scores of the BVMT-R. Associations
between patient characteristics and cognitive out-
comes were determined using Pearson correlations or
analyses of variance (ANOVA).
To test the main hypothesis, linear regression
models were used to determine associations between
the mean FA of identiﬁed WM tracts and composite
cognitive variables, controlling for age, sex, and ed-
ucation as decided a priori. To account for multiple
comparisons, a false discovery rate of 5% was
applied.21 All other comparisons were considered to
be exploratory. Associations between patient char-
acteristics and FA in the most signiﬁcant WM tracts
were determined using Pearson correlations or
ANOVA and controlled for in post-hoc analyses.
Post-hoc analyses were performed in a subgroup of
men only because of previously reported WM
microstructural differences between the sexes22 or
controlling for histories of MI or coronary artery
bypass graft surgery because these diagnoses have
been previously associated with cognition in
CAD.12,23 All analyses were performed using SPSS
statistical software (version 19.0; IBM, Armonk, NY).Am J Geriatr Psychiatry 23:7, July 2015
TABLE 1. Participant Characteristics and Neuroimaging
Measures (N [ 49)
Characteristic
Mean (SD)
or % (n)
Sociodemographic
Age, y 66.3 (6.8)
Sex (% male) 85.7% (42)
Education, y 16 (3)
Marital status (% married) 69.4% (34)
Ethnicity (% white) 89.8% (44)
Vascular risk factors
Body mass index 29.0 (5.0)
Waist circumference, cm 102.5 (16.4)
Body fat, % 30.0 (9.0)
Hypertension 49.0% (24)
Diabetes 14.3% (7)
Smoking (current or past smoker) 65.3% (32)
Depression 28.6% (14)
Cardiac history
Percutaneous coronary intervention 49.0% (24)
Coronary artery bypass graft 44.9% (22)
MI 34.7% (17)
Concomitant medications
Statins 98.0% (48)
Acetylsalicylic acid (ASA) 85.7% (42)
Beta-blockers 69.4% (34)
Angiotensin-converting enzyme blockers 57.1% (28)
Antidiabetics 12.2% (6)
Structural imaging
Total intracranial capacity, mL 1,300 (110)
WMH volume, mL 2.5 [1.3e6.1]a
Neuropsychological tasks
CVLT-II SDFR (words) 9.78 (3.53)
CVLT-II LDFR (words) 10.53 (3.69)
BVMT-R Total Recall (points) 22.63 (7.44)
BVMT-R Delayed Recall (points) 9.22 (2.85)
Digit Symbol Substitution Test (symbols) 59.10 (15.30)
Stroop Dot-Color Test (seconds) 15.58 (5.16)
Stroop Color-Word Interference Test (seconds) 31.02 (13.62)
Trails Making Test A (seconds) 39.56 (20.66)
Trails Making Test B (seconds) 91.05 (49.17)
FAS Verbal Fluency Test (words) 42.24 (15.94)
Animal Naming Test (words) 19.55 (5.78)
aMedian [ﬁrst to third quartile].
Santiago et al.RESULTS
Patient Characteristics and Neuroimaging
Outcomes
One hundred thirty-nine participants were
screened, 114 showed evidence of CAD, 82 accepted
contact by study personnel, and 62 provided written
informed consent. Twelve participants were excluded
because of contraindications with MRI or application
of the exclusion criteria. One additional participant
was excluded after MRI acquisition because of poor
quality of images, resulting in 49 participants
included in the ﬁnal analysis. Table 1 shows partici-
pant demographics. Overall, the cognitive perfor-
mance of study participants were within the normal
range, except for 2 participants performing at the
borderline impaired range in the CVLT-II SDFR, 1
participant in the CVLT-II LDFR, 9 participants in the
BVMT-R Total Recall, 4 participants in the BVMT-R
Delayed Recall, 4 participants in the DSST, 11 par-
ticipants in the Stroop Dot-Color Test, 2 participants
in the Stroop Color-Word Interference Test, 6 par-
ticipants in the TMT part A, 5 participants in the TMT
part B, 3 participants in the FAS Verbal Fluency Test,
and none in the Animal Naming Test.
In a linear regression, education was signiﬁcantly
associated with executive function and processing
speed (b ¼ 0.410, t ¼ 3.078, df ¼ 47, p ¼ 0.003,
adjusted R2 ¼ 0.150) and memory (b ¼ 0.432, t ¼
3.280, df ¼ 47, p ¼ 0.002, adjusted R2 ¼ 0.169). In a
linear regression, age was signiﬁcantly associated
with memory performance (b ¼ 0.442, t ¼ 3.382,
df ¼ 47, p ¼ 0.001, adjusted R2 ¼ 0.179). A one-way
ANOVA revealed that history of diabetes was asso-
ciated with lower memory scores (F ¼ 4.519, df ¼ 47,
p ¼ 0.039). No other patient characteristics were
associated with cognitive outcomes. Mean values for
FA and MD are shown in Table 2.Cognitive Outcomes
Principal component analysis identiﬁed two com-
ponents that explained 66.7% of the variance in
cognitive test results. Component 1 contributed to
33.7% of the variance and consisted of DSST,
Stroop Dot-Color Test, Stroop Color-Word Interfer-
ence Test, TMT parts A and B, FAS Verbal Fluency
Test, and Animal Naming Test. Component 2Am J Geriatr Psychiatry 23:7, July 2015contributed to 33.0% of the variance and consisted
of CVLT-II SDFR, CVLT-II LDFR, BVMT-R total
memory recall, and BVMT-R delayed memory recall.
Composite z scores for executive function and pro-
cessing speed cognitive domains and memory do-
mains were generated based on the principal
component analysis.Executive Function and Processing Speed and FA
Executive functionandprocessing speed composite z
scores were signiﬁcantly associated with mean FA in
the left parahippocampal cingulum and the left inferior757
TABLE 2. Neuroimaging Values for Each of the 20 Identiﬁed
WM Tracts
WM Tracts FA
MD
(10L3 mm2secL1)
Left
Superior longitudinal
fasciculus
0.308 (0.019) 0.846 (0.057)
Uncinate fasciculus 0.298 (0.033) 0.880 (0.088)
Superior longitudinal
fasciculus (temporal)
0.387 (0.021) 0.785 (0.036)
Inferior longitudinal
fasciculus
0.337 (0.024) 0.827 (0.047)
Inferior fronto-occipital
fasciculus
0.356 (0.027) 0.840 (0.058)
Parahippocampal cingulum 0.225 (0.027) 0.849 (0.076)
Cingulum (gyrus) 0.398 (0.028) 0.774 (0.033)
Corticospinal tract 0.462 (0.023) 0.807 (0.046)
Anterior thalamic radiation 0.265 (0.026) 1.074 (0.230)
Right
Superior longitudinal
fasciculus
0.320 (0.022) 0.842 (0.058)
Uncinate fasciculus 0.302 (0.025) 0.883 (0.056)
Superior longitudinal
fasciculus (temporal)
0.409 (0.028) 0.781 (0.041)
Inferior longitudinal
fasciculus
0.362 (0.025) 0.828 (0.044)
Inferior fronto-occipital
fasciculus
0.358 (0.026) 0.841 (0.049)
Parahippocampal cingulum 0.203 (0.023) 0.891 (0.090)
Cingulum (gyrus) 0.353 (0.025) 0.781 (0.034)
Corticospinal tract 0.459 (0.021) 0.818 (0.034)
Anterior thalamic radiation 0.253 (0.023) 1.028 (0.181)
Corpus Callosum
Forceps major 0.492 (0.031) 0.857 (0.053)
Forceps minor 0.338 (0.026) 0.931 (0.056)
Note: Values are means with standard deviations in parentheses
(N ¼ 49).
Association Between WM Microstructural Integrity and Cognition in CADfronto-occipital fasciculus (Table 3). In a linear regres-
sionmodel (F¼ 7.137, df¼ 44, p<0.001, adjusted R2¼
0.338) controlling for age (b¼ 0.004, t¼ 0.030, df¼ 1,44,
p¼ 0.976), sex (b¼ 0.059, t¼ 0.484, df¼ 44, p¼ 0.631),
and education (b¼ 0.338, t¼ 2.787, df¼ 44, p¼ 0.008),
mean FA in the left parahippocampal cingulum was
signiﬁcantly associated with executive function (b ¼
0.471, t¼ 3.381, df¼ 44, p¼ 0.002). In a linear regression
model (F¼ 6.310,df¼ 44, p<0.001, adjustedR2¼ 0.307)
controlling for age (b ¼ 0.007, t ¼ 0.047, df ¼ 44, p ¼
0.963), sex (b¼ 0.101, t¼ 0.820, df¼ 44, p¼ 0.417), and
education (b¼ 0.391, t¼ 3.197,df¼ 44, p¼ 0.003),mean
FA in the left inferior fronto-occipital fasciculus was
signiﬁcantly associated with executive function (b ¼
0.430, t¼ 2.984, df¼ 44, p¼ 0.005). Mean FA values in
10 other WM tracts were nominally signiﬁcantly asso-
ciated with executive function but did not survive
correction for multiple comparisons.758Executive Function and Processing Speed and MD
As a second measure of WM microstructural
integrity, MD was explored (Table 3). Executive
function and processing speed composite z scores
were signiﬁcantly negatively associated with mean
MD in the right parahippocampal cinglum, left su-
perior longitudinal fasciculus, and left inferior fronto-
occipital fasciculus.
Subdomains of Executive Function and
Processing Speed and WM Microstructural
Integrity
The relationships between individual tests and DTI
measures were explored to determine which test
contributed most to the above ﬁndings. Mean FA in
the left parahippocampal cingulum was most signif-
icantly associated with the Trail Making Test part A
(b ¼ 0.559, t ¼ 3.930, df ¼ 44, p <0.001, adjusted R2 ¼
0.312) and Stroop Dot-Color Test (b ¼ 0.432, t ¼
2.651, df ¼ 44, p ¼ 0.011, adjusted R2 ¼ 0.098). Mean
FA in the left inferior fronto-occipital fasciculus was
most signiﬁcantly associated with the Verbal Fluency
Test (b ¼ 0.449, t ¼ 2.900, df ¼ 44, p ¼ 0.006, adjusted
R2 ¼ 0.199).
Memory and WM Microstructural Integrity
No signiﬁcant associations were found between
mean FA and MD in any of the WM tracts examined
and memory performance (Table 3).
Post-Hoc Analyses
Patient Characteristics Associated with FA. In a
linear regression model, age was signiﬁcantly asso-
ciated with FA in the left parahippocampal cingulum
(b ¼ 0.486, t ¼ 3.816, df ¼ 47, p <0.001, adjusted
R2 ¼ 0.220) and left inferior fronto-occipital fasciculus
(b ¼ 0.539, t ¼ 4.393, df ¼ 47, p <0.001, adjusted
R2 ¼ 0.276). No other patient characteristics were
associated with FA in these tracts.
Cardiac History. In linear regression models con-
trolling for age, education, and history of MI, mean FA
in the left parahippocampal cingulum (b ¼ 0.527, t ¼
3.734, df ¼ 44, p ¼ 0.001, adjusted R2 ¼ 0.350) and left
inferior fronto-occipital fasciculus (b¼ 0.465, t¼ 3.164,
df ¼ 44, p ¼ 0.003, adjusted R2 ¼ 0.303) were associ-
ated with executive function. Similarly, in linear
regression models controlling for age, education, andAm J Geriatr Psychiatry 23:7, July 2015
TABLE 3. Associations Between Mean FA and MD in Major WM Tracts and Composite Executive Function and Processing Speed and
Memory z Scores in 49 CAD Patients
WM Tracts
FA MD
Exec D Proc Memory Exec D Proc Memory
b t, p b t, p b t, p b t, p
Left
Superior longitudinal fasciculus 0.331 2.226, 0.031 0.108 0.790, 0.434 0.477 2.933, 0.005a 0.156 1.014, 0.316
Uncinate fasciculus 0.384 2.734, 0.009 0.143 1.092, 0.281 0.278 1.842, 0.072 0.231 1.749, 0.087
Superior longitudinal fasciculus (temporal) 0.223 1.581, 0.121 0.099 0.784, 0.437 0.389 2.565, 0.014 0.177 1.265, 0.213
Inferior longitudinal fasciculus 0.354 2.462, 0.018 0.127 0.959, 0.343 0.395 2.581, 0.013 0.330 2.444, 0.019
Inferior fronto-occipital fasciculus 0.430 2.984, 0.005a 0.102 0.743, 0.461 0.416 2.880, 0.006a 0.210 1.560, 0.126
Parahippocampal cingulum 0.471 3.381, 0.002a 0.012 0.085, 0.933 0.392 2.540, 0.015 0.327 2.407, 0.020
Cingulum (gyrus) 0.323 2.236, 0.031 0.050 0.374, 0.710 0.208 1.333, 0.189 0.236 1.755, 0.086
Corticospinal tract 0.294 1.948, 0.058 0.105 0.772, 0.444 0.162 1.034, 0.307 0.152 1.114, 0.271
Anterior thalamic radiation 0.274 1.720, 0.092 0.045 0.314, 0.755 0.149 0.937, 0.354 0.132 0.951, 0.347
Right
Superior longitudinal fasciculus 0.337 2.113, 0.040 0.214 1.497, 0.142 0.350 2.331, 0.024 0.040 0.286, 0.776
Uncinate fasciculus 0.261 1.755, 0.086 0.162 1.225, 0.227 0.232 1.489, 0.144 0.222 1.637, 0.109
Superior longitudinal fasciculus (temporal) 0.131 0.806, 0.425 0.248 1.802, 0.078 0.289 1.940, 0.059 0.097 0.723, 0.474
Inferior longitudinal fasciculus 0.377 2.647, 0.011 0.052 0.388, 0.700 0.385 2.659, 0.011 0.246 1.871, 0.068
Inferior fronto-occipital fasciculus 0.366 2.486, 0.017 0.032 0.235, 0.815 0.352 2.314, 0.025 0.212 1.541, 0.131
Parahippocampal cingulum 0.307 2.138, 0.038 0.101 0.771, 0.445 0.476 3.274, 0.002a 0.300 2.229, 0.031
Cingulum (gyrus) 0.302 2.036, 0.048 0.044 0.324, 0.747 0.251 1.570, 0.124 0.230 1.645, 0.107
Corticospinal tract 0.258 1.638, 0.108 0.076 0.540, 0.592 0.142 0.887, 0.380 0.095 0.675, 0.503
Anterior thalamic radiation 0.347 2.193, 0.034 0.082 0.563, 0.576 0.195 1.203, 0.235 0.199 1.414, 0.164
Corpus Callosum
Forceps major 0.039 0.237, 0.814 0.131 0.929, 0.358 0.279 1.670, 0.102 0.260 1.789, 0.081
Forceps minor 0.320 2.008, 0.051 0.115 0.794, 0.431 0.359 2.128, 0.039 0.177 1.161, 0.252
Notes: Linear regression analyses controlling for age, sex and education were used to determine associations. df ¼ 44 for all tests. Exec þ
Proc: executive function and processing speed.
aDenotes two-tailed signiﬁcance.
Santiago et al.history of coronary artery bypass graft surgery,
mean FA in the left parahippocampal cingulum (b ¼
0.490, t ¼ 3.499, df ¼ 44, p ¼ 0.001, adjusted R2 ¼
0.335) and left inferior fronto-occipital fasciculus
(b ¼ 0.452, t ¼ 3.028, df ¼ 44, p ¼ 0.004, adjusted
R2 ¼ 0.297) were associated with executive function.
Sex. In linear regression models, associations be-
tween executive function and FA in the left para-
hippocampal cingulum (b ¼ 0.509, t ¼ 3.397, df ¼ 38,
p ¼ 0.002, adjusted R2 ¼ 0.362) and left inferior
fronto-occipital fasciculus (b ¼ 0.440, t ¼ 2.884, df ¼
38, p ¼ 0.006, adjusted R2 ¼ 0.318) persisted in a
subgroup of men only.DISCUSSION
This study demonstrates that WM microstructural
integrity is positively associated with cognitive per-
formance in older adults with CAD. Although indi-
vidual vascular risk factors have been associated withAm J Geriatr Psychiatry 23:7, July 2015WM microstructural disruption24,25 and cognitive
decline,26 in contrast this study focused on CAD pa-
tients who typically present with multiple vascular
risk factors and who may be most vulnerable to ce-
rebral WM damage. The present ﬁndings suggest
that subtle changes in otherwise NAWM may partly
explain CAD-associated cognitive decline, particu-
larly subtle deﬁcits in executive function and pro-
cessing speed. These changes are independent of the
macrostructural WM damage investigated previ-
ously in the form of WMHs, because hyperintense
voxels were removed from the present analyses.4,10,11
For comparison, WMH volumes of these CAD sub-
jects tended to be higher than those of similarly aged
healthy subjects from the Rotterdam study (approx-
imately 1.9 mL),27 consistent with their hypothesized
relationship with vascular risk factors. Although FA
was strongly associated with age, the associations
between FA in NAWM and executive function and
processing speed were independent of age as well as
education, sex, and cardiac histories. The adjusted759
FIGURE 1. [A] Image of left parahippocampal cingulum
located at plane x[L22 in MNI space. [B] Scatter
plot showing mean FA in the left
parahippocampal cingulum versus executive
function and processing speed composite z scores.
The line of best ﬁt is shown with the gray shaded
region showing 95% conﬁdence interval.
Association Between WM Microstructural Integrity and Cognition in CADmodels explained large proportions of the variance in
executive function with FA values as the most sig-
niﬁcant predictors.
Overall, nominally signiﬁcant associations between
executive function and processing speed and FA and
MD consistently implicated the same WM tracts,
notably the bilateral parahippocampal cingulum,
superior longitudinal fasciculus, inferior longitudinal
fasciculus, and inferior fronto-occipital fasciculus.
These effects appear to be somewhat lateralized, as
executive function and processing speed composite
scores were more signiﬁcantly associated with WM
integrity localized to the left hemisphere. This ﬁnding
is consistent with previous evidence suggesting left-
lateralized WM damage to be responsible for im-
pairments in executive function.28 Language function
is thought to be left-brain lateralized29 and may
partly explain this ﬁnding because many components
of the executive function and processing speed
composite score are somewhat language dependent.
Left parahippocampal cingulum FA, in particular,
was signiﬁcantly associated with executive function
and processing speed (Fig. 1). Further, MD in the
right parahippocampal cingulum was negatively
correlated with executive function. These ﬁndings
corroborate a critical role of the cingulum in execu-
tive dysfunction in vascular cognitive impairment.30
Decreased FA in the cingulum has been associated
with poorer executive function in nondemented older
adults31 and has been implicated in patients with
mild Alzheimer disease32 and with increased body
mass index.25 Exploratory analyses of individual
cognitive tests revealed that microstructural integrity
in the left parahippocampal cingulum was most
strongly associated with tests of processing speed in
agreement with previous studies of cognitive aging
in healthy elderly.33 Although principal component
analyses suggested that various measures related to
executive function tended to cluster together with
tasks of processing speed, “executive function” en-
compasses a broad range of functions, including
attention, set-shifting, and response inhibition.
As exploratory analysis, associations between WM
microstructural integrity and the individual cognitive
tasks were examined. Left parahippocampal
cingulum FA was signiﬁcantly associated with all
tests of processing speed; moreover, FA was more
strongly associated with performance on the TMT
part A than TMT part B and on the Stroop Color-Dot760Test than the Stroop Color-Word Interference Test
(Supplemental Table 1), suggesting that FA in this
tract may affect processing speed rather than execu-
tive functions such as set-shifting and response in-
hibition. This ﬁnding suggests that impaired cortical
connection via the cingulum as measured by reduced
FA may be speciﬁcally important for processing
speed. Although other tracts of interest were not
signiﬁcantly associated with executive function and
processing speed domains, exploratory analyses
revealed signiﬁcant relationships with individual
cognitive tests. FA in the inferior fronto-occipital
fasciculus and the uncinate fasciculus was posi-
tively correlated with performance in the FAS Verbal
Fluency test (Supplemental Table 1). Interestingly,Am J Geriatr Psychiatry 23:7, July 2015
FIGURE 2. [A] Image of left inferior fronto-occipital fasciculus
located at plane z [ L6 in MNI space. [B] Scatter
plot showing mean FA in the left fronto-occipital
fasciculus versus executive function and
processing speed composite z scores. The line of
best ﬁt is shown with the gray shaded region
showing 95% conﬁdence interval.
Santiago et al.these associations appear to be lateralized to the left
hemisphere in agreement with left-hemispheric
specialization for language function.34 These ﬁnd-
ings demonstrate that subtle damage in otherwise
NAWM may be important contributors to minor
deﬁcits on cognitive performance.
Mean FA and MDmeasures also implicated the left
inferior fronto-occipital fasciculus in executive func-
tion and processing speed (Fig. 2) with especially
strong correlations with the FAS test of verbal
ﬂuency (Supplemental Tables 1 and 2). Although not
well-studied, a contribution of this tract to executive
processes involved in activities of daily living has
been shown in healthy young adults.35 The inferior
fronto-occipital fasciculus has also be suggested to be
important in language functions36 and to be affected
by increased systolic blood pressure.24 Finally, mean
MD in the left superior longitudinal fasciculus was
also associated with executive function, corrobo-
rating the suggestion that subtle vascular damage to
this tract may contribute to subtle vascular cognitive
impairment.37
No associations were found between memory per-
formance and FA values in any of the WM tracts.
Further exploratory analyses of individual WM tracts
and individual memory tests did not reveal any sig-
niﬁcant associations except for FA in the right superior
longitudinal fasciculus (temporal) and BVMT-delayed
recall (Supplemental Table 1). This ﬁnding corrobo-
rates published literature demonstrating that visuo-
spatial memory is mediated predominantly by the
right hemisphere.38 Interestingly,MDvalues in the left
inferior longitudinal fasciculus and the left and right
parahippocampal cingulum were also found to be
nominally negatively correlated with memory out-
comes. These ﬁndings corroborate some previous
studies that have shown MD to be associated with
memory, whereas FA was not.39 Although some de-
gree of collinearity exists between FA andMD, FA and
MD likely provide complementary measures of WM
microstructural integrity that together explain more of
the variance seen in cognitive performance, and
possibly the associated mechanisms of neuro-
degeneration. Speciﬁcally, FA is thought to represent
axonal injury, whereas MD is thought to represent
tract density and myelin sheath integrity,15 both of
which may be affected in subjects with CAD. Such
pathologies are observed in WMHs40 and may also
occur to some extent in NAWM.Am J Geriatr Psychiatry 23:7, July 2015This study is limited by the lack of a control group;
as such, the independent inﬂuence of cardiac events
and vascular risk factors cannot be ascertained.
However, comparing those with and without cogni-
tive impairment in a CAD population allowed
assessment of factors that may contribute to vascular
cognitive impairment in this cognitively-at-risk pop-
ulation. The presence of CAD itself is thought to
affect cognitive aging compared with healthy control
subjects as has previously been shown.1 The rela-
tively high level of education of these study partici-
pants may have contributed to a cognitive reserve
that possibly masked subtle cognitive deﬁcits,761
Association Between WM Microstructural Integrity and Cognition in CADnecessitating control for education. The small number
of women (N ¼ 7) included limits the ability of the
study to examine the effects of sex; however, the
main ﬁndings did not change in a subgroup of men
only. The study sample consisted of participants who
were referred to and agreed to enter cardiac reha-
bilitation, which may have introduced a selection
bias limiting generalizability; however, cardiac
rehabilitation is a standard of care and provided
publicly in Canada, potentially reducing referral bias
somewhat. Because the objective was to examine FA
in NAWM, WMH volumes were dilated by one voxel
into NAWM and removed; however, there is limited
knowledge on what distance from the WMHs might
be affected in otherwise NAWM. Although correc-
tion for multiple comparisons was applied to FA in
the 20 major tracts, all other comparisons were un-
adjusted and considered exploratory. Finally, the use
of the composite scores for cognitive domains serves
as a limitation because analysis of more speciﬁc ex-
ecutive functions, such as set-shifting and response
inhibition, could not be done.
Future prospective studies should examinewhether
baseline DTI measures can prospectively predict
cognitive decline and whether cognitive changes are
associated with changes in DTI indices. This study
identiﬁes microstructural neurobiologic markers
associated with subtle differences in cognitive perfor-
mance in apopulation vulnerable to vascular cognitive
impairment and Alzheimer disease.2
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